Murine bone marrow-derived dendritic cells (DC) can phagocytose and process Salmonella enterica serovar Typhimurium for peptide presentation on major histocompatibility complex class I (MHC-I) and MHC-II molecules. To investigate if a serovar Typhimurium encounter with DC induces maturation and downregulates their ability to present antigens from subsequently encountered bacteria, DC were pulsed with serovar Typhimurium 24 h prior to coincubating with Escherichia coli expressing the model antigen Crl-OVA. Quantitating presentation of OVA epitopes contained within Crl-OVA showed that Salmonella-pulsed DC had a reduced capacity to process Crl-OVA-expressing E. coli for OVA ( Initiating a specific immune response to bacterial pathogens requires that bacterial antigens be captured, processed, and presented by antigen-presenting cells (APC) that activate naive T cells. Dendritic cells (DC) are the most potent APC for stimulating naive T cells (reviewed in reference 3) and thus are critical in initiating an immune response to a previously unencountered antigen. Immature DC can internalize and process bacteria for antigen presentation on both major histocompatibility complex class I (MHC-I) and MHC-II molecules (13, 41, 47, 48) . This capacity of immature DC combined with their ability to migrate to lymphoid tissues after antigen capture (reviewed in reference 3) suggests that DC play a key role in initiating an immune response to bacterial infections. During migration, DC that have encountered inflammatory stimuli undergo a process of maturation in which they develop into fully competent APC. DC maturation involves downregulating their ability to capture and present antigens (44, 45, 56), up regulating MHC molecule synthesis (9, 41), altering MHC-II trafficking (9, 40), increasing the stability and surface expression of MHC molecules (9, 40, 41), increasing costimulatory molecule surface expression (13, 22, 41, 44, 45, 56) , and enhancing cytokine secretion (10, 13, 22, 41, 56) .
Initiating a specific immune response to bacterial pathogens requires that bacterial antigens be captured, processed, and presented by antigen-presenting cells (APC) that activate naive T cells. Dendritic cells (DC) are the most potent APC for stimulating naive T cells (reviewed in reference 3) and thus are critical in initiating an immune response to a previously unencountered antigen. Immature DC can internalize and process bacteria for antigen presentation on both major histocompatibility complex class I (MHC-I) and MHC-II molecules (13, 41, 47, 48) . This capacity of immature DC combined with their ability to migrate to lymphoid tissues after antigen capture (reviewed in reference 3) suggests that DC play a key role in initiating an immune response to bacterial infections. During migration, DC that have encountered inflammatory stimuli undergo a process of maturation in which they develop into fully competent APC. DC maturation involves downregulating their ability to capture and present antigens (44, 45, 56) , up regulating MHC molecule synthesis (9, 41) , altering MHC-II trafficking (9, 40) , increasing the stability and surface expression of MHC molecules (9, 40, 41) , increasing costimulatory molecule surface expression (13, 22, 41, 44, 45, 56) , and enhancing cytokine secretion (10, 13, 22, 41, 56) .
In order to survive the hostile environment encountered during the course of infection, bacterial pathogens coordinately regulate their gene expression (21, 31, 33) . One such regulon, phoP-phoQ (34) , promotes Salmonella enterica serovar Typhimurium virulence (15, 34, 35) . The phoP-phoQ virulence regulon is a bacterial two-component regulatory system consisting of a membrane-associated sensor kinase (PhoQ) and a cytoplasmic transcriptional regulator (PhoP) (34) . PhoP and PhoQ both positively and negatively regulate more than 40 gene products (4, 5, 37) . Activation of the phoP-phoQ regulatory system is induced by Mg 2ϩ limitation (16) and the low pH of the phagosomal environment within macrophages (M) (2) . PhoP-PhoQ regulates modifications of the lipid A moiety of lipopolysaccharide (LPS) (18) , affects tumor necrosis factor alpha (TNF-␣) expression by monocytes (18) , regulates antimicrobial peptide resistance (15, 17) , represses invasion genes (37) , influences formation of spacious phagosomes (1) and bacterial survival within M (35) after antibody-mediated opsonic uptake, and alters the efficiency of phagocytic processing of serovar Typhimurium by activated M for peptide presentation on MHC-II molecules (54) .
The previous observation that murine bone marrow-derived DC can process virulent serovar Typhimurium for peptide presentation on MHC-I and MHC-II molecules (47) led us to further investigate the properties of these Salmonella-pulsed DC. Here we examine the ability of serovar Typhimurium to induce maturation in murine bone marrow-derived DC and the effects of Salmonella phoP-regulated genes on DC maturation. This was assessed by analyzing the ability of DC pulsed with wild-type, phoP null (phoP), or phoP constitutive (phoP c ) serovar Typhimurium or of LPS purified from phoP mutant serovar Typhimurium strains containing lipid A modifications to present antigens from subsequently encountered bacteria. In addition, the influence of Salmonella infection of DC or of DC interaction with wild-type or mutant LPS on interleukin-12 (IL-12) production and surface expression of MHC and costimulatory molecules was analyzed. Finally, the influence of the phoP-phoQ locus, which controls numerous aspects of the pathogenesis of this bacterium, on antigen presentation by serovar Typhimurium-pulsed DC was investigated.
MATERIALS AND METHODS
Mice. C57BL/6 mice were bred in animal facilities at Lund University or purchased from Charles River Laboratories (Sulzfeld, Germany) and were used at 6 to 10 weeks of age.
Bacterial strains, plasmids, and culture conditions. Bacterial strains used in this study are the wild-type serovar Typhimurium strain ATCC 14028, the phoP strains CSO15 (34) or MS7953 (15) , and the phoP c strain CSO22 (35) . Unless otherwise indicated, the serovar Typhimurium strains used throughout this study had smooth LPS, as defined by sensitivity to bacteriophage P22c2 and resistance to BR60 (55) . When rough-LPS serovar Typhimurium was used, these strains were resistant to P22c2 and sensitive to BR60.
For antigen-processing experiments, the bacteria harbored pJLP-2H (38), pJLP-2H-Kan (47), or pJLP-1E (39) . pJLP-2H and pJLP-2H-Kan encode the fusion protein Crl-OVA, which contains residues 257 to 277 of ovalbumin (OVA), including the K b -binding (257 to 264) epitope and the I-A b -binding (265 to 277) epitope. pJLP-1E encodes the fusion protein Crl-HEL, which contains the I-A k -binding (52 to 61) epitope from hen egg lysozyme (HEL). These proteins are expressed in the cytoplasm of the bacteria (39) . Bacteria expressing green fluorescent protein (GFP) harbored pSK-XhoGFP, which contains the GFP-encoding cDNA from the jellyfish Aequoera victoria (11) cloned into pBluescript SK. Bacteria containing pJLP-2H and pJLP-1E were grown on LuriaBertani (LB) agar supplemented with 50 g of carbenicillin/ml, and the bacteria containing pJLP-2H-Kan were grown on agar supplemented with 50 g of kanamycin/ml. Bacteria containing pSK-XhoGFP were grown in LB broth supplemented with 50 g of ampicillin/ml. After overnight incubation at 37°C, a bacterial suspension was made in phosphate-buffered saline (PBS) (pH 7.4). Bacteria were quantified spectrophotometrically by determining the optical density at 600 nm, washed once in PBS, and resuspended at 10 9 cells/ml in Iscove's modified Dulbecco's medium (IMDM; Gibco BRL, Gaithersburg, Md.). Unless otherwise indicated, IMDM was used without antibiotics. Heat-killed bacteria were prepared by incubating bacterial suspensions at 65°C for 40 min. A lack of remaining viable bacteria was confirmed by plating an aliquot of heat-killed bacteria on LB agar plates.
Cell culture conditions and DC activation assays. DC were cultured from murine bone marrow in the presence of granulocyte-M colony-stimulating factor (GM-CSF) as described elsewhere (47) . On days 6 and 7 of culture, DC were enriched for the CD11c-expressing population by using magnetic cell sorting with N418 magnetic beads (48) . Approximately 90% of the enriched population stained positive for MHC-II, CD86, and CD11c when the antibodies M5/114 (I-A b ) and GL-1 (CD86) and either N418 (CD11c) or HL3 (CD11c) were used in flow cytometry analysis.
DC were resuspended in IMDM (without antibiotics) containing 5% fetal calf serum (FCS) and 5% GM-CSF and were seeded at 10 6 cells per well in 24-well plates. DC were stimulated with viable serovar Typhimurium, heat-killed bacteria, bacteria in the presence of cytochalasin D (CCD; Sigma Chemical, Co., St. Louis, Mo.), 1-m polystyrene beads (Polyscience, Warrington, Pa.), LPS purified from E. coli (Sigma), or LPS purified from serovar Typhimurium wild-type (ATCC 14028), phoP (CSO15), or phoP c (CSO22) bacteria. Unless otherwise indicated, bacteria without plasmids were used to assess DC activation. The bacterium-or bead-to-cell ratio was 15:1. Plates containing DC pulsed with bacteria or beads were centrifuged at 270 ϫ g for 4 min and were incubated for 2 h at 37°C. After 2 h, DC were washed three times with Hank's balanced salt solution (HBSS; Gibco BRL); 1.0 ml of IMDM containing 5% FCS, 5% GM-CSF, and 25 g of gentamicin/ml was added; and the cells were incubated for an additional 22 or 46 h. LPS was used at 1 g/ml and was present throughout the 24-or 48-h stimulation. Culture supernatants were collected at 2, 24, or 48 h of total incubation time and were used to quantify IL-12 or NO 2 Ϫ as described below. The cells were also collected at these times and after washing with HBSS were used in antigen-processing experiments, flow cytometry analysis, and bacterial survival assays. When CCD was used, it was added at 10 g/ml to the cell cultures approximately 1 h before addition of bacteria and was present at 10 g/ml for the initial 2 h of the bacterium-DC coincubation.
Antigen-processing and presentation assays. Antigen-processing assays were performed as described previously (47, 48) . Briefly, DC were resuspended in IMDM (without antibiotics) and seeded at 2 ϫ 10 5 cells per well in 96-well plates. DC were either fixed in 1% paraformaldehyde or were coincubated with E. coli expressing Crl-OVA or Crl-HEL before fixing the cells. For DC pulsed with bacteria, the plates were centrifuged at 270 ϫ g for 4 min and were incubated for 2 h at 37°C. The cultures were then washed thoroughly, and antigen processing was terminated by fixing the cells. After fixing, OT4H (28) Bacterial internalization quantitated by using bacteria expressing GFP. DC were seeded at 10 6 cells per well in 24-well plates, and serovar Typhimurium expressing GFP was added at a bacterium-to-cell ratio of 15:1. The plates were centrifuged at 270 ϫ g for 4 min and were incubated at 37°C for 2 h. The wells were washed three times with HBSS to remove noninternalized bacteria, and the cells were used in flow cytometry. To determine the number of bacteria associated with but not internalized by DC, DC were preincubated with 10 g of CCD/ml 60 min prior to adding the bacteria. The inhibitor was present throughout the duration of the infection at 10 g/ml. Flow cytometry. Flow cytometry was performed using a Becton Dickinson FACSort flow cytometer (Becton Dickinson and Co., Mountain View, Calif.), and data were collected on 10,000 or 30,000 cells. Antibodies from hybridomas 2.4.G2 (Fc␥RIII/II) (50), N418 (CD11c) (32), GL-1 (CD86) (20) , M5/114 (I-A b ) (6), K9.178 (K b ) (19) , FGK (CD40) (42), H57-597 (␣␤TCR) (27) , RA6-3A2 (B220) (12), GK 1.5 (CD4) (14) , and MR10.2 (V␤9TCR) (52) were used. Antibodies from the hybridomas H57-597, RA6-3A2, GK 1.5, and MR10.2 were used as isotype-matched control antibodies. Antibody supernatants were purified using a ␥-bind plus column (Pharmacia-Biotech, Uppsala, Sweden) and labeled with biotin (Sigma) or fluorescein isothiocyanate (Sigma). Biotinylated anti-CD54 (KAT-1) was purchased from Caltag laboratories (Burlingame, Calif.), and biotinylated anti-CD80 and phycoerythrin-labeled anti-CD11c (HL3) antibodies were purchased from Pharmingen (San Diego, Calif.). Phycoerythrin-, fluorescein isothiocyanate-, and Tricolour-streptavidin were all from Vector Laboratories (Burlingame, Calif.) and were used as second-step reagents. Dead cells were excluded by staining with 7-amino-actinomycin D (Sigma) at 1 g/ml. All incubations with antibodies or reagents were for 20 min on ice in HBSS containing 3% FCS, 2 mM EDTA, and 0.01% sodium azide.
Cytokine measurement. A sandwich enzyme-linked immunosorbent assay (ELISA) to detect the p40 chain of IL-12 was performed as described (46) by using monoclonal antibody C17. 8 (57) as the capture antibody and biotinylated monoclonal antibody C15.6 (57) as the detection antibody. Assays were developed by adding streptavidin-peroxidase (Sigma) and 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma) as the substrate. Absorbance was read at 450 nm using a microplate reader (Molecular Devices Corp., Sunnyvale, Calif.). IL-12 p70 was measured as described for the IL-12 p40 subunit, except that 9A5 (Pharmingen) and biotinylated C17.8 (57) monoclonal antibodies were used as the capture and detection antibodies, respectively. Recombinant IL-12 was used as the standard, and the concentration of IL-12 in test samples was calculated using the linear part of a standard curve run in parallel with the samples. The sensitivity of the assay was 45 pg/ml.
Quantitation of Crl-OVA expression by bacteria. An OVA-specific ELISA was used to quantitate the level of Crl-OVA expression by the different Salmonella strains. Two milliliters of a bacterial suspension at 10 9 /ml was centrifuged at 1,700 ϫ g for 5 min, and the pellet was resuspended in 0.4 ml of PBS (pH 7.4) and lysed by sonication on ice using a Vibra Cell sonicator (Sonics and Material, Danbury, Conn.). The sonicated samples were centrifuged to remove cell debris, and the total protein content of the cleared lysate was determined using the bicinchoninic acid protein determination system (Sigma). Samples were normalized for protein content, serially diluted in PBS, and then seeded in 96-well plates (Nalgen Nunc International, Roskilde, Denmark). The ELISA was performed using an antiserum raised in mice immunized with OVA as the primary antibody. Goat anti-mouse immunoglobulin G (IgG) peroxidase conjugate (Sigma) was used as a secondary antibody, and the absorbance at 450 nm was determined after developing with 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma) as the substrate.
Bacterial survival assays. DC were pulsed with the bacterial strains and were washed and treated with gentamicin as described for DC activation assays. After coincubation of DC with Salmonella for 2, 24, or 48 h, DC were lysed with 0.5 ml of 0.2% Triton X-100. After vigorous pipetting, the plates were incubated at room temperature until the cells were lysed (assessed microscopically for approximately 10 min). Bacteria released into the supernatant after cell lysis were serially diluted in LB broth, and 100 l of several dilutions was plated onto LB agar plates. After overnight incubation at 37°C, the number of colonies was counted and the total number of bacteria recovered from wells was calculated. As controls for determining the number of viable bacteria present in the wells but not internalized by DC, cells were preincubated with 10-g/ml CCD prior to addition of the bacteria, which was present for the initial 2 h of bacterium-cell coincubation.
iNOS assay. Nitrite (NO 2 Ϫ ), the stable end product of L-arginine oxidation by inducible nitric oxide synthase (iNOS) (24) , was quantitated in the cell culture supernatant by using the Griess diazotization reaction with NaNO 2 as the standard. Culture supernatants from bacterial incubations with DC were assayed by mixing 100 l of supernatant 1:1 with Griess reagent (1% sulfanilamide, 1% naphthylethylene diamine dihydrochloride, 2.5% H 3 PO 4 ) and incubating at room temperature for 10 min. The absorbance was measured at 540 nm in a microtiter plate reader (Molecular Devices).
RESULTS

DC exposed to
Salmonella have a reduced capacity for MHC-I and MHC-II presentation of antigens derived from subsequently encountered bacteria. To investigate if exposure to live serovar Typhimurium down modulates DC's ability to process subsequently encountered bacteria for peptide presentation on MHC-I and MHC-II molecules, murine bone marrow-derived DC were pulsed for 2 h with wild-type serovar Typhimurium and cultured for 24 h before pulsing for 2 h with E. coli expressing the model antigen Crl-OVA. Preexposure of DC to serovar Typhimurium reduced the cells' ability to process subsequently added Crl-OVA-expressing E. coli for presentation of OVA(257-264) on K b as well as presentation of OVA(265-277) on I-A b ( Fig. 1A and B ). In addition, we investigated if exposure to phoP or phoP c serovar Typhimurium strains also down modulates DC's ability to process subsequently encountered bacteria for peptide presentation on MHC-I and MHC-II molecules. These results revealed that pulsing of DC with phoP or phoP c serovar Typhimurium showed an ability similar to that of pulsing with wild-type serovar Typhimurium to decrease the capacity of DC to present OVA(257-264)/K b (Fig. 1A) or OVA(265-277)/I-A b (Fig.  1B) processed from subsequently encountered Crl-OVA-expressing E. coli. The reduced presentation capacity of DC exposed to bacteria is not due to loss of ability to stimulate T-hybridoma cells, since presentation of exogenously added OVA(257-264) or OVA(265-280) peptide is not affected by bacterial preincubation ( Fig. 1C and D) . Furthermore, coincubation of Salmonella with DC for 24 h had no effect on DC viability, as determined by trypan blue staining.
LPS purified from serovar Typhimurium also down modulated the ability of DC to process subsequently encountered Crl-OVA-expressing E. coli for OVA(257-264)/K b and OVA (265-277)/I-A b peptide presentation ( Fig. 1E and F). Since phoP regulates structural modifications of serovar Typhimurium lipid A and alters the biological effects of the LPS, including TNF-␣ production by infected monocytes (18), we also tested whether this altered LPS induced DC maturation similar to that observed with purified wild-type Salmonella LPS. Purified LPS containing lipid A modifications controlled by PhoP resulted in a reduced capacity of DC to process subsequently encountered E. coli expressing Crl-OVA for OVA(257-264)/K b and OVA(265-277)/I-A b presentation similar to that seen with LPS purified from wild-type serovar Typhimurium ( Fig. 1E and F) . The reduced presentation capacity of DC exposed to LPS is not due to loss of the ability to stimulate the T-hybridoma cells, since DC stimulated with any of the LPS preparations presented exogenously added OVA(265-280) or OVA(257-264) peptide equally well (data not shown). In addition, trypan blue staining showed that no reduction in viability of LPS-treated DC occurred during the 24-h incubation.
DC encounter with Salmonella alters surface expression of MHC and costimulatory molecules. In addition to reduced antigen-capture capacity, another hallmark of murine DC maturation is increased surface expression of MHC and costimulatory molecules (40, 41, 44, 45, 56) . To investigate if Salmonella PhoP-regulated genes alter the DC surface expression of molecules important in stimulating T cells, DC were pulsed with viable wild-type, phoP, or phoP c serovar Typhimurium for 2 h and surface expression of MHC-I, MHC-II, CD80 (B7-1), CD86 (B7-2), CD40, and CD54 (ICAM-1) was analyzed following further incubation up to 48 h. At 24 h of total incubation time, the DC population shifted from one with heterogenous levels of surface MHC-I, MHC-II, CD86, CD40, and CD54 to a more uniform population expressing a similar, high level of these molecules ( Fig. 2A) . In addition, the phoP mutants influenced surface expression of MHC-I, MHC-II, CD86, CD40, and CD54 in a fashion similar to that observed for wild-type bacteria ( Fig. 2A) . This altered surface molecule expression was also apparent when DC were infected with heat-killed wild-type bacteria or with wild-type bacteria in the presence of CCD ( Fig. 2A) , demonstrating that neither bacterial viability nor internalization was required for the observed effects. The expression pattern of the surface molecules shown in Fig. 2A on Salmonella-infected DC was similar at 24 h ( Fig.  2A ) and 48 h (not shown) of total incubation time.
The surface expression of CD80 on DC was also influenced , serovar Typhimurium CS022. (E and F) The x axis indicates that the DC were incubated in medium alone for 24 h (medium or medium/irrelevant epitope) or indicates the type of purified LPS (1 g/ml) present during the initial 24-h incubation: wild type, LPS purified from serovar Typhimurium ATCC 14028; phoP, LPS purified from serovar Typhimurium CS015; phoP c , LPS purified from serovar Typhimurium CS022. Data are presented as the means of triplicate samples Ϯ 1 standard deviation. Maximum CTLL proliferation after exposure to recombinant IL-2 was 160,000 cpm. Similar results were obtained in at least three independent experiments.
by Salmonella infection (Fig. 2B) . However, unlike the case for the other surface molecules studied here, almost no alteration in surface expression of CD80 was detected at 24 h, while at 48 h after infection, the DC population consisted of more cells with a higher level of CD80 expression; the alteration of CD80 expression was similar regardless of the PhoP phenotype of the bacteria (Fig. 2B) . In addition, little if any alteration in surface expression of CD80 was detected at 24 or 48 h after DC infection with heat-killed wild-type bacteria or when the initial pulse with bacteria occurred in the presence of CCD (Fig. 2B) . This is in marked contrast to the effect of either heat-killed bacteria or inhibition of phagocytosis on the other surface molecules examined ( Fig. 2A) and shows that bacterial viability and internalization are required for Salmonella-induced effects on CD80 surface expression but not for the effects observed on CD86, CD54, CD40, and MHC molecule expression.
Furthermore, coincubation of DC with LPS purified from the three Salmonella strains resulted in effects on surface molecule expression similar to those observed with intact bacteria at 24 h (Fig. 2C) , that is, a shift from a population with heterogenous levels of expression of MHC-II (Fig. 2C) and MHC-I and CD86 and CD40 (data not shown) to a more uniform population expressing a similar, high level of these molecules. Finally, a phagocytic stimulus per se was not responsible for the observed alteration in surface molecule expression following DC coincubation with serovar Typhimurium, as DC coincubated with 1-m polystyrene beads did not alter surface expression of MHC-II (Fig. 2D) , CD80, CD86, CD54, or CD40 (data not shown).
T-cell-stimulatory capacity of peptide-MHC complexes on the surface of Salmonella-pulsed DC. We next investigated the ability of MHC-I and MHC-II containing bacterium-derived peptides formed during a bacterial pulse to stimulate T-hybridoma cells after removing external bacteria. Thus, DC were pulsed with viable wild-type, phoP, or phoP c serovar Typhimurium expressing Crl-OVA for 2 h and were then washed to remove noninternalized bacteria. After 22 or 46 h of additional incubation, DC were fixed and OVA peptide presentation on MHC-I and MHC-II molecules was measured. Significant OVA(265-277)/I-A b presentation by DC was detectable at 24 h (Fig. 3A) , while no OVA(257-264)/K b presentation above background was detectable at this time point (Fig. 3B) . Furthermore, OVA(265-277)/I-A b complexes generated from the phoP mutants stimulated OT4H T-hybridoma cells to a level similar to that observed for wild-type bacteria, suggesting that PhoP does not affect the level of surface peptide-MHC complexes remaining at this time point. After 48 h of total coincubation time following the pulse of DC with bacteria, neither OVA(265-277)/I-A b nor OVA(257-264)/K b presentation by DC could be detected (data not shown). Thus, OVA(265-277)/ I-A b complexes are present on the DC cell surface for OT4H T-hybridoma cell stimulation for at least 24 h, while OVA(257-264)/K b complexes are available on the cell surface at levels sufficient to stimulate CD8OVA T-hybridoma cells for less than 24 h following exposure to bacteria expressing Crl-OVA. Coincubation of Salmonella with DC for 48 h had no effect on DC viability, as determined by trypan blue staining.
Although PhoP did not influence the T-cell-stimulatory capacity of DC exposed to Crl-OVA-expressing serovar Typhimurium 24 h prior to quantitation of OVA(265-277)/I-A b and OVA(257-264)/K b presentation, it did, however, affect OVA(265-277)/I-A b presentation by DC when quantitated after 2 h of infection with serovar Typhimurium (Fig. 4) . These data show that phoP serovar Typhimurium was processed with greater efficiency for OVA(265-277)/I-A b presentation than were phoP c bacteria expressing the same antigen (Fig. 4A) . In contrast, both the phoP and phoP c bacteria were processed by DC with equal efficiency for OVA(257-264)/K b presentation (Fig. 4B) . The observed difference in processing efficiency for MHC-II presentation of the two bacterial strains was not due to lower antigen expression in the phoP c strain, as phoP and phoP c bacteria showed relatively equal amounts of reactivity in an OVA-specific ELISA (Fig. 4A) . Furthermore, it is likely that the difference in antigen-processing efficiency for MHC-II presentation following Salmonella internalization by DC is due to the phoP locus, since heat killing phoP c bacteria restore the level of OVA(265-277)/I-A b presentation to that observed for viable phoP bacteria (Fig. 4C) . In contrast, heat killing the phoP c strain did not alter the observed level of OVA(257-264)/K b presentation (Fig. 4D) . Finally, the observed difference in phagocytic processing efficiency for MHC-II presentation is not due to differences in internalization of the two bacterial strains, as equal numbers of phoP and phoP c Salmonella were recovered after a 2-h coincubation of bacteria with DC (Table 1) .
Salmonella is most efficiently phagocytosed by the CD11c ؉ MHC-II low DC subpopulation. Murine bone marrow cultured in the presence of GM-CSF results in CD11c ϩ cells with different levels of surface expression of MHC-II which correlate with their stage of maturation (25, 40) (Fig. 2) . To define the DC subpopulation (CD11c ϩ MHC-II low or CD11c ϩ MHC-II high ) active in phagocytosing Salmonella, DC were pulsed with Salmonella expressing GFP and were analyzed for GFP fluorescence and MHC-II and CD11c expression by flow cytometry. Approximately 3% of the total cells expressing both CD11c and MHC-II were infected with GFP-expressing bacteria after 2 h of bacterium-cell coincubation (Fig. 5) . Furthermore, the CD11c ϩ MHC-II low cells were significantly more active in internalizing bacteria than the CD11c ϩ MHC-II high cells, with 5.8 and 1.0% of the cells, respectively, containing internalized bacteria (Fig. 5) . Thus, the DC population with an immature phenotype (CD11c ϩ MHC-II low ) present in GM-CSF bone marrow cultures is most actively engaged in phagocytosing serovar Typhimurium, and only a minor part of the CD11c ϩ MHC-II low cells become infected at a bacterium-tocell ratio of 15:1 when internalization is quantitated after 2 h of bacterium-DC coculture.
Intracellular survival of serovar Typhimurium within DC. Wild-type serovar Typhimurium can survive and replicate inside phagosomal compartments of infected M, whereas phoP and phoP c mutants are impaired in their ability to survive inside M following antibody-mediated opsonic uptake (35) . However, little is known about the replication capacity of these strains in DC. To address the ability of infected DC to control intracellular replication of wild-type, phoP, and phoP c serovar Typhimurium, DC were pulsed with bacteria for 2 h. After washing and gentamicin treatment to kill extracellular bacteria, intracellular survival was followed for 48 h. These data showed that the number of viable Salmonella recovered from infected DC did not increase over the 48-h time period examined (Fig.  6A) . In addition, the number of bacteria recovered was similar regardless of the PhoP phenotype. Coincubation of Salmonella with DC for 48 h had no effect on DC viability, while incubations of DC with or without bacteria for 72 h resulted in decreased DC viability. This latter result prevented obtaining meaningful data on bacterial survival in DC for more than 48 h of incubation.
To investigate if production of reactive nitrogen intermediates such as nitric oxide (NO) was a mechanism contributing to the ability of immature DC to restrict intracellular replication of serovar Typhimurium, the activity of iNOS was quantitated. Supernatants from DC infected with any of the three Salmonella strains did not increase iNOS activity, as assessed by quantifying NO 2 Ϫ accumulation (Fig. 6B) , even though these cells were capable of iNOS induction, as demonstrated by NO 2 Ϫ accumulation after stimulation with gamma interferon (IFN-␥) and LPS (Fig. 6B) . Thus, although DC can control serovar Typhimurium replication, at least within the 48-h time frame studied here, significant levels of NO do not appear to be induced by Salmonella infection of DC.
IL-12 is produced by Salmonella-infected DC. IL-12 promotes the development of T-helper cell type 1 (Th1) responses and is a powerful inducer of IFN-␥ production by T cells and NK cells (reviewed in reference 49). Since both IL-12 and IFN-␥ are essential for resistance to Salmonella (23, 30), we tested the effect of Salmonella PhoP-regulated genes on production of IL-12 by DC. Thus, DC were pulsed with wild-type, phoP, or phoP c serovar Typhimurium, and supernatant samples were tested for the presence of the p40 subunit or the biologically active form of IL-12, the p70 heterodimer, following a total incubation time of 24 or 48 h. Although little IL-12 p40 was detected in culture supernatants from DC pulsed with bacteria and incubated for a total of 24 h, p40 was detected after 48 h of total incubation time (Fig. 7A) . Neither bacterial internalization nor viability was required for production of IL-12 p40, as evident from the moderate levels of p40 detected when DC were coincubated with heat-killed wild-type bacteria or when the initial bacterial pulse was performed in the presence of CCD (Fig. 7A) . However, although bacterial viability or internalization was not required to elicit IL-12 p40, the level of p40 produced was consistently higher when viable bacteria were used and when bacterial internalization occurred. Similar to the effects on DC maturation presented above, purified LPS from the bacteria was sufficient to elicit p40 production (Fig. 7B) . Furthermore, all forms of LPS tested (LPS from wild-type serovar Typhimurium as well as LPS containing lipid A modifications purified from the phoP and phoP c strains [18] ) elicited IL-12 p40 secretion. Finally, eliciting p40 production by DC required stimulation with bacteria or LPS, as a phagocytic stimulus per se (1-m polystyrene beads) was not sufficient to elicit p40 production by DC (data not shown).
Despite IL-12 p40 production by Salmonella-pulsed DC, only a modest increase in IL-12 p70 production was detected in culture supernatants after 48 h of DC coincubation (details in Fig. 7 legend) with wild-type, phoP, or phoP c serovar Typhimurium (Table 2) . Furthermore, pulsing of DC with purified LPS from wild-type, phoP, or phoP c strains elicited levels of IL-12 p70 only slightly above those detected in culture supernatants of DC incubated in medium alone. Thus, although exposure of DC to serovar Typhimurium or purified LPS resulted in production of the p40 subunit, only a slight increase in secretion of the biologically active p70 heterodimer was induced, particularly when 1 g of purified LPS/ml was the stimulus. c serovar Typhimurium, DC were washed and were either lysed to determine the number of bacteria recovered at the 2-h time point or treated with gentamicin before continuing the incubation for a total of 24 or 48 h. At these time points, DC were lysed and the number of viable bacteria remaining was determined by plating on LB agar plates. The actual initial bacterium-to-DC infection ratios were 15:1, 13:1, and 17:1 for wild-type, phoP, and phoP c bacteria, respectively, as determined by viable counts. (B) NO 2 Ϫ was quantitated in the supernatants of DC that were incubated in medium alone or in medium containing IFN-␥ (300 U/ml) and LPS (10 g/ml); or infected with wild-type, phoP, or phoP c serovar Typhimurium or with wild-type serovar Typhimurium in the presence of CCD or with heat-killed (HK) wild-type serovar Typhimurium; or incubated with 1-m polystyrene beads, as indicated. DC were pulsed with bacteria for 2 h. The cells were washed and treated with gentamicin, and incubation was continued for an additional 46 h. At this time point the level of NO 2 Ϫ in the culture supernatant was quantitated by using the method of Greiss with NaNO 2 as the standard. Data are presented as the means of triplicate samples Ϯ 1 standard deviation. Similar results were obtained in at least three independent experiments.
DISCUSSION
Immature DC are specialized in capturing and processing antigens into peptides for MHC presentation. Upon maturation, which can be triggered by microbial products or inflammatory cytokines, these cells function as initiators and modulators of the immune system (reviewed in reference 3). The DC activation process that results in a mature phenotype appears to be a crucial step in generating a specific immune response. It is therefore important to understand how DC are affected when they encounter pathogens. For example, it has been shown that the pathogens Plasmodium falciparum (51) , Trypanosoma cruzi (53) , and herpes simplex virus (43) prevent DC maturation and that the bacteria Mycobacterium tuberculosis (22) , Staphylococcus aureus (56) , Streptococcus gordonii (13, 41) , and Chlamydia psittaci (36) induce activation and maturation of DC. In the present study, we also show that the facultative intracellular bacterium S. enterica serovar Typhimurium or LPS purified from this bacterium induces maturation of murine bone marrow-derived DC. For example, Salmonella-stimulated DC showed a reduced capacity to process subsequently encountered bacteria for peptide presentation on MHC-I and MHC-II molecules. In addition, DC that have encountered serovar Typhimurium have increased surface expression of MHC-I, MHC-II, CD40, CD54, CD80, and CD86 as well as enhanced production of IL-12.
Although it has previously been shown that one feature of DC maturation is reduced ability to process exogenous proteins for peptide presentation on MHC-I and MHC-II molecules (7, 36, 45, 56) , the present study is the first demonstration that an encounter with serovar Typhimurium or purified Salmonella LPS reduces the ability of DC to process antigens from a subsequent bacterial exposure for either MHC-I or MHC-II peptide presentation. This finding along with the observed Salmonella-induced alteration in surface molecule expression suggests that an encounter with serovar Typhimurium or purified Salmonella LPS indeed triggers maturation of murine bone marrow-derived DC.
Increased surface expression of MHC and costimulatory molecules following a pulsing of DC with Salmonella is consistent with that observed using other stimuli to induce DC maturation, such as exposure to TNF-␣ (44, 45, 56) , gram-positive bacteria (56), or M. tuberculosis (22) . Alteration in surface expression of MHC-I, MHC-II, CD86, CD40, and CD54 was maximal by 24 h of total incubation time. Neither viable serovar Typhimurium nor bacterial internalization was required to influence surface expression of these molecules. These results suggest that the observed increase in expression is due to surface interaction of bacteria with DC or soluble mediators released by bacterium-DC contact rather than phagocytic uptake of bacteria. This is consistent with the finding that only a small percentage of immature DC internalizes bacteria during a 2-h time frame (Fig. 5) , while the whole population of immature DC undergoes alteration in MHC-I, MHC-II, CD86, CD40, and CD54 surface expression when analyzed at 24 h (Fig. 2) .
In contrast, alteration in surface expression of CD80 had requirements different from those for the other surface molecules examined here. For example, alteration in surface expression of CD80 required that the DC be coincubated with viable serovar Typhimurium and also required active internalization of the bacteria. Furthermore, upregulation of CD80 expression was not significant until 48 h of total incubation time, with only a slight alteration in CD80 expression being apparent after 24 h. The mechanism for upregulation of surface molecules on DC following a pulse with serovar Typhimurium or Salmonella LPS is presently not known. However, TNF-␣, a stimulus that induces DC maturation (44, 45, 56) , was detected in culture supernatants of DC stimulated with bacteria or LPS (data not shown). It is possible that TNF-␣ produced by DC following a serovar Typhimurium infection may be involved in the maturation process. Clearly the regulation of surface molecule expression, and in particular the apparently differential regulation of CD80 expression, on DC following a serovar Typhimurium infection deserves further attention.
We and others (29) have found that bioactive IL-12 is produced following DC exposure to Salmonella. Although the quantity of IL-12 p70 detected was low and only detectable in supernatants collected after 48 h of incubation, both viable bacteria and purified LPS induced IL-12 p70 secretion by DC. IL-12 production by DC that encountered serovar Typhimurium would be favorable to the defense against this bacterium, as IL-12 production favors development of Th1 CD4 ϩ T cells (reviewed in reference 49). Salmonella-specific T cells developing under the influence of IL-12 would produce cytokines such as IFN-␥ that in turn enhance the microbicidal effects of phagocytic cells and facilitate bacterial elimination.
It has also been demonstrated that DC maturation induces increased synthesis and stability of MHC-I and MHC-II (9, 40, 41) . These observations, combined with previous data showing a See the legend to Fig. 7 for details of the incubation conditions. IL-12 p70 production in medium alone was 90 Ϯ 5 pg/ml. The values shown are determined from a standard curve run in parallel and represent the means Ϯ 1 standard deviation of triplicate supernatant aliquots from a single well infected with the indicated bacterial strain or stimulated with purified LPS from the indicated bacterial strain. The data are representative of three independent experiments. that DC display OVA(257-264)/K b complexes for at least 4 h following a 2-h pulse with Crl-OVA-expressing serovar Typhimurium (47) , led us to investigate the duration that peptide-MHC complexes are present on the DC surface following phagocytic processing of the bacteria. T-cell stimulation assays revealed detectable levels of OVA(265-277)/I-A b but not OVA(257-264)/K b complexes on the DC surface after at least 24 h following an initial pulse of DC with bacteria expressing Crl-OVA. OVA(265-277)/I-A b complexes were not, however, present at sufficient levels to stimulate the T-hybridoma cells 48 h after an initial bacterial encounter. Although several features of peptide-MHC-T-cell receptor interaction, such as the sensitivity of the two hybridomas, the quantity of specific peptide-MHC complexes formed, and/or the affinity of the T-cell receptor for the ligands, could influence the relative level of T-hybridoma cell stimulation, our data are consistent with biochemical data that measured an increase in the stability of total MHC-I and MHC-II molecules from 3 h to 9 h (41) and from 12 h to 36 h to 40 h (40), respectively, following the maturation of murine DC. DC exposure to maturation stimuli, including gram-positive (41) and gram-negative ( Fig. 1 through 3 ) bacteria, results in DC expressing surface peptide-MHC complexes and costimulatory molecules enabling T-cell stimulation for a fairly short period following the antigen encounter. This suggests that to be able to activate both CD4 ϩ and CD8
ϩ Salmonella-specific T cells, DC need to meet specific T cells within ϳ24 h after the bacterial encounter to ensure productive triggering of a Salmonella-specific immune response. Bacterial pathogens synthesize numerous proteins that contribute to the ability of the bacteria to escape immune surveillance and persist inside host cells. For example, serovar Typhimurium expresses several genes upon contact with eukaryotic host cells (2, 8, 26) . Furthermore, expression of some of these loci is under the control of the transcription regulator PhoP (34), which is critical for the virulence of serovar Typhimurium in murine models (15, 34, 35) . PhoP also regulates lipid A modifications on LPS (18) , affects the level of TNF-␣ production by monocytes (18) , influences bacterial survival within M after antibody-mediated opsonic uptake (35) , and alters the efficiency by which M process serovar Typhimurium for peptide presentation on MHC-II molecules (54) . In the present study, we also show that PhoP affects the ability of DC to process Crl-OVA-expressing serovar Typhimurium for OVA (265-277)/I-A b presentation when quantitated following a short (2-h) coincubation of bacteria with DC. In contrast, no effect of PhoP on OVA(265-277)/I-A b presentation was apparent when peptide presentation was quantitated after 24 h of total Salmonella-DC coincubation. Furthermore, despite its effect on numerous aspects of bacterium-APC interactions as mentioned above, PhoP does not appear to influence IL-12 production by DC or surface expression of molecules important in signaling the immune system by Salmonella-infected DC. Finally, our results with LPS purified from wild-type or phoP mutant serovar Typhimurium strains suggest that the lipid A modifications controlled by PhoP do not affect the maturation program induced in immature DC propagated from murine bone marrow that encounter serovar Typhimurium.
Together our data show that an encounter with serovar Typhimurium stimulates DC to mature and undergo events critical for becoming activators and modulators of T cells. Furthermore, this occurs independently of PhoP and suggests that PhoP may play only a minor role in altering the capacity of infected DC to stimulate bacterium-specific T cells. These data further our understanding of the ability of serovar Typhimurium and specific virulence loci, such as phoP, to influence the processes taking place in DC prior to activation of T cells.
Such information is crucial to developing effective vaccines that use attenuated versions of bacteria, such as serovar Typhimurium, to induce specific immune responses to recombinant antigens.
